ations and rigid body roll as degrees of freedom, while the second formulation includes a more comp lex bending-torsional deformation together.
with the roll freedom. Flutter is found to occur in two basic modes. The first mode is associated with wing bending-aircraft roll coupling and occurs at low values of reduced frequency. The second instability mode closely resembles a classical bending .,torsion wing flutter event. This latter mode occurs at much higher reduced frequencies than the first. The occurrence of the bending-roll coupling mode is shown to lead+to lower flutter speeds while the bending-torsion mode is associated with higher flutter speeds.
The ratio of the wing mass moment of inertia in roll to the fuselage roll moment of inertia is found to be a major factor in the determination of which of the two instabilities is critical. The recent interest in the use of an asymmetrically swept, highaspect-ratio wing to achieve high lift-to-drag ratios has generated interest in the aeroelastic stability characteristics of such a configuration.
However, the undesirable static aeroelastic divergence characteristics of symmetrically swept forward wings has prompted some caution on the part of structural engineers towards the asymmetrical wing. As a result, considerable discussion of.the merits of such a design and the potential weight penalties which might be incurred has occurred. Jones and Nisbet property wing in -incompressible flow swept asymmetrically at various angles to the flow. For this portion of the study, quasi-steady aerodynamic strip theory will be employed in the equations of motion; the Galerkin method will be used to solve these equations.
The second portion of
Ludy entails the use of a more sophisticated approach to the solution of -the oblique wing flutter problem. This approach uses a finite-element, unsteady aerodynamic representation together with a multi-degree-of ;Treedom structural model to examine more closely and more accurately the flutter behavior of variable i,P,form wings. In all cases, the flow is assumed to be incompressible.
From these studies, it will be shown that, at moderate sweep angles,
-the flutter speed of the wing may be lowered when compared with the flutter speed of the wing at zero sweep. In addition, the shape of the wing planform and the spanwise distribution of stiffness and weight will have a significant effect on the relation between flutter speed and sweep angle.
Discussion
The first part of this study is concerned with the aeroelastic analysis of a simplified oblique wing model, shown in Fig. 1 . The impetus for such a study stems from the desirability of assessing the behavior of the flutter speed of the wing as it is asymmetrically swept. This model represents a wing of uniform structural and aerodynamic properties, asymmetrically swept at an angle A to the flow. This high-aspect-ratio wing • is idealized as a beam with a straight elastic axis, free to roll about an axis parallel to the flow. It is assumed that mass is distributed along this roll axis such that a mass moment of inertia, I f , simulating the roll moment of inertia of the fuselage, appears concentrated there.
To examine the aeroelastic stability of this model, assume. that it is caused to undergo small oscillations about a "wings-level" static equilibrium position. The stability of the subsequent motion can be determined by an examination of the character of this free vibration. 
where (') = differentiation with respect to time
The requirement that the sum of all roll moments generated by wing oscillatory motion be equal to zero results in the additional equation:
If we let i = p COSA then Eq. (3) may be written as 
where a and b are'unknown constants. The Galerkin method leads to a set of three homogeneous algebraic equations, represented in matrix form as:
The coefficients d id are given in . the Appendix to this paper.
It is found that, in the absence of the roll freedom, the first natural frequency of vibration of the clamped wind, in vacuo, is pre- Given the system physical paramrtkers, the determinant in Eq. (10) may be expressed in terms of the independent variable 0. Collecting terms, the determinant is found to have a real part and an imaginary part given respectively by the expressions To analyze the flutter behavior of a planform such as that shown in. A computer'-program was written to calculate the matrices'in Eq. 14.
The-free vibration modes for the.clamped system are then used to condense the matrix equations. The free-free boundary conditions are then introduced to "free" the clamped system described in Eq. 14; this allows rigid body roll freedom. Once these matrices have been formed, the eigenvalues and eigenvectors may be fpund. Since the aerodynamic influence coefficients are functions of reduced frequency k and Mach number (in these studies, Mach number is zero), a set of eigenvalues and eigenvectors corresponding to each value of k is generated. The familiar V-g method (Ref.
3, pp. 565-568) is then used to find ';.he value of velocity at which neutral stability occurs.
To assess the effect of torsion and unsteady aerodynamics on the flutter analysis of the oblique wing, the uniform property aluminum wing was again analyzed. The wing is considered to have the same structural properties as before; but ) in the present example, GJ is taken to be equal to 1346 lb-in. It should be noted that the fla t , sheet-aluminum wing has a ratio of first bending to first torsion which is slightly higher than that common to conventional aircraft.
The analysis of the constant property wing, including roll freedom and torsional flexibility and employing the doublet-lattice method was conducted with a sixty degree-of-freedom model. These sixty degrees of freedom were obtained by considering ten control points on each wing, each o;ontrol point has pitch, plunge and bending rotation elastic degrees of freedom. This model was subsequently reduced to a twenty degree-offreedom model by using the first twenty naturaa modes of the system.'
The results of this flutter analysis are displayed in Fig. 3 as .ratios of the instability velocity (either "c utter or divergence) to•the velocity at which wing torsional divergence occurs at zero sweep; this latter velocity-is denoted as VDO'
In Fig. 3 Depending upon the sweep angle, one of these modes will occur before the other as airspeed.is increased.
For the example shown in Fig. 3 , the bending-torsion-roll mode does not become critical until the sweep angle is near 15°. The cusp in the VF vs. A curve indicates that the mode of instability changes at this point.
Also, the flutter frequency will change discontinuously at this point. large when compared to that of the wing.
As a. furth, -illustration of the flutter behavior of oblique wings, a non-uniform wing planform, constructed of the same material as the uniform property wing, was analyzed. This wing (Fig. 4) has a modified elliptical planform. In this case, the wing-fuselage combination has a .roll moment of inertia ratio I o /I f = 11.69. Fig. 5 shows the stability behavior of the clamped and roll-free wings. While the decrease in divergence speed with increasing A for the clamped wing shown in Fig. 4 resembles that of the uniform property wing, the behavior of the flutter speed for the nonuniform wing is much different. Once again, for large sweep angles,
.the decrease of flutter speed with sweep angle is seen in Fig. 5 ; however, the roll-free flutter speeds and clamped divergence speeds are more widely separated in Fig. 5 than in Fig. 3 .
To assess the obvious importance of the fuselage roll moment of inertia, the aeroelastic`stability of the nonuniform property wing shown in Fig. 4 is again studied. However, the roll moment of inertia of the fuselage is now increased by a factor of two. The results of this study are presented in Nedr this point, the flutter mode for the I 0 /I f = 5.85 wing changes from the fixed-root type to the body-freedom type. This is seen to depress the flutter speed as A increases.
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As a"final example, consider the uniform property aluminum wing. This wing has been previously analyzed using a quasi-steady strip theory model with elastic bending degrees of'freedom and roll coupling. It has also been analyzed with a bending-torsion model which used the doublet-lattice aerodynamic loads. For the present example, the value of the torsional stiffness GJ is chosen to be 10 times that of the example whose results
were presented in Fig. 3 .. The results of the present study are shown in Fig. 7 , where they are compared with those presented in Fig. 3 . In Fig. 7 , the designation "Wing 2" refers to a uniform property wing with properties identical to those of "Wing 1" except that the wing sectional torsional stiffness of Wing 2 is ten times that of Wing 1.
In Table II for several sweep angles. From this table, it is seen that the flutter which occurs primarily as a body-freedom instability occurs at relatively low reduced frequencies when compared with the reduced frequencies which arise at the onset of bending-torsion flutter. Also, a comparison of the reduced frequencies in Tables I and II However, several conclusions may be drawn from the present studies at zero Mach number. Prominent among these conclusions is that the inclusion of the rigid-body roll degree of freedom into the flutter model causes the critical mode of instability to change from an aperiodic instability (divergence) to an oscillatory instability (flutter). The degree to which the stability boundary is modified depends to a large extent upon the sweep angle A and the ratio of the moments of inertia in roll of the aircraft fuselage and the wing in its unswept position.
If the 'wing instability appears as a coupling between wing bendingtorsion deformation and rigid-body roll (the body-. freedom mode), flutter speed is reduced as A increases. However, if the system parameters are such that flutter appears primarily as a fixed-root bending-torsion instability, the flutter speed may actually increase as the wing is swept.
If the wing can be either elastically or dynamically tailored, it may be possible to avoid the "body-freedom" mode type of instability altogether.
Topics'warranting further investigation include: the effect of Mach number on oblique wing , fiutter; the significance of elastic axis -c.g.
offset; and the effect of elastic tailoring of the wing. It is anticipated that these and other studies will provide further insight into this unique aerodynamic design.
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